The Hertz model describing the elastic response of soft materials is used to quantify the bulk of the holdfast. For a spherical tip and for small indentation of the sample [1], it is given by
where d is cantilever deflection, and Z is the piezo height; d 0 is the deflection of the cantilever far from the sample, and Z 0 represents the piezo displacement for which the cantilever touches the surface of the holdfast. The force is obtained from the cantilever deflection using the cantilever spring constant, k c : F = k c (d − d 0 ). In our fits, d 0 and Z 0 were treated as fitting parameters.
This simple form of the Hertz model assumes the sample is homogeneous, isotropic and infinitely thick, whereas real biological samples deviate from these idealized conditions. Finite thickness corrections to the Hertz model have been proposed [5, 6] , and in Section 3, we compare fit results with and without correction terms accounting for the finite thickness of the holdfast.
As justified below, the Hertz model alone does not describe the holdfast AFM data over its full range. Rather, in addition to the holdfast behaving as a material with a (hard) elastic bulk, the data suggest the existence of a surface force and associated surface layer [7] . Other works have also considered extensions of the Hertz model in characterizing material properties of cells, where the AFM tip probes a pericellular "brush" layer consisting of surface protrusions and a glycocalyx before physically encountering the cell surface itself [4, 8] .
A surface coated with polymer chains, such as that of a cell or the holdfast, experiences a repulsive entropic force upon approach of a second surface, such as an AFM tip, due to the reduced conformational entropy of the chains or brushes. For two brush layers each with thickness L 0 closer than a distance 2L 0 from each other, the repulsive pressure is given according to the Alexander-de Gennes theory [9, 10, 11] as
where D is the distance between the surfaces, Γ is the brush layer density, k B is the Boltzmann constant, and T is temperature. It can be shown that in the range 0.2 < D/2L 0 < 0.9, the expression in Eq. 3 is approximately exponential
For a bare spherical tip interacting with a polymer brush, the pressure is obtained by substituting L 0 /2 for L 0 , and dividing the pressure by 2. Using the Derjaguin approximation, the total force for a parabolic tip profile (Z − D = r 2 /2R tip ) becomes [12] 
The validity of brush models is usually evaluated retrospectively after finding the brush parameters, in particular L 0 . When the AFM probe-surface distance, D, is less than approximately 20% of the brush layer thickness, L 0 , the brush layer response is no longer strictly entropic in nature. Recent work has shown that at high compression, the brush behaves as an elastic layer [4] , contributing to an effective elastic modulus for the underlying sample.
Simultaneous fits to Hertz and brush layer models
We extract parameters describing holdfast material properties from least-squares fits to the raw AFM data given by cantilever deflection, d, and piezo height, Z. Specifically we plot Z − d versus d, and fit the data in selected regions to functional forms describing the bulk of the holdfast and a surface brush layer, as described below. We chose to plot the data in this way in order that the fit procedure is most robust for portion of the data at large d, where Z − d varies slowly with d, allowing reliable extraction of the modulus of elasticity, E, which constitutes a central result of our work. In this section, we describe two approaches to fitting the AFM data: In the first approach, we fit the brush layer model all the way to the surface. In the second approach, we exclude the transition region corresponding to D/L 0 less than ∼ 0.1 − 0.2, wherein the brush layer force is not strictly entropic. Our results demonstrate that while the Young's modulus characterizing the material properties of the bulk of the holdfast is different in these two approaches, the results are consistent and vary by less than an order of magnitude. However, we emphasize that in the transition region at the surface of holdfast, neither the Hertz nor brush layer model strictly holds. In using the Hertz and brush layer models to describe the stiff elastic bulk region coated with biopolymer, first we allow the boundary between these regions to float as a free parameter in the least-squares minimization process. For values of d greater than this value, the fit function is the Hertzian form, given by
where the Young's modulus is obtained from the fit parameter γ as E = 3γ 4
For values of d less than the boundary, the fit function represents a description of the brush layer,
where the brush layer density is obtained from the fit parameter α as Γ = (αk c /50k
To allow for an assessment of goodness of fit via a χ 2 metric, we assign an uncor- likely due to the fact that by requiring the fits based on the two functions to be continuous at the surface of the holdfast where D < 0.2L 0 , the brush layer is highly compressed and the model does not strictly hold, as described above.
As a result we have also carried out fits where, in addition to points at very low
we exclude data points in the transition region approximately centered on the boundary between the brush layer and bulk behaviors. By excluding the transition region from the fit, the two problems noted above are avoided. Determination of the limits of the excluded region is done empirically on a sample-by-sample basis, but is not highly tuned in order to avoid the introduction of significant biases that might result from fine-tuning based on the data itself. We show representative fits to 16 h and 64 h data where the transition region at the surface is excluded (Fig. A and Fig. C, respectively) and the brush layer and Hertz models are continuous at the surface of the holdfast (Fig. B and Fig. D, respectively) . In Table 1, we summarize fit results for the parameters characterizing the material properties of the holdfast (E, L 0 , Γ) using the two fitting approaches.
Surface layer as an elastic material
We also investigated a description of the data wherein the surface layer and bulk of the holdfast are both characterized as elastic materials and described by the Hertzian model, with different elastic moduli. We find that the data does not support this description as well as the brush layer model for the surface layer. As an example, in Fig. E and Fig. F, we show typical fits to the same 16 h and 64 h data sets (and using the same data points) as in Fig. A and Fig. C , where the transition region at the surface has also been excluded. 
Finite thickness correction to Hertz model
In Fig. G-H and Fig. I -J, we show fits to the bulk region, including higher order corrections to the Hertz model for a semi-infinite sample to account for the fact that for finite thickness samples, denoted by height h, the presence of the rigid substrate modifies the pressure distribution across the contact area between the probe and sample. Using the method of images to satisfy the boundary conditions at the rigid boundary, the general result has been obtained for the Green's function for the deformation of the finite sample free surface [5, 6] , and for a spherical tip in the limit of small indentation (δ/h 1), it is given by:
where χ = R tip δ/h. Parameters α 0 and β 0 depend on the Poisson ratio, ν, and for an incompressible sample (ν = 0.5) adhered to substrate, the values are α 0 = −1.7795 and β 0 = 1.0079. In Fig. G-H , we show fits for representative data sets which constitute samples with approximately equal elastic moduli but varying sample heights (corresponding to the thin and thick ends of the holdfast height distribution). We note that consistent with the trend in the finite element simulations of holdfast deformation (Figure S3 ), the change in holdfast elastic modulus accounting for its finite thickness is smaller (larger) for thicker (thinner) holdfasts. Similarly, in Fig. I -J, for representative samples with approximately equal heights but varying elastic moduli, we find that with increasing sample stiffness, this ratio decreases. This result is consistent with the expectation that for stiffer samples and at small indentations, the strain field in Figure S3 is less influenced by the substrate. The χ 2 per degree of freedom improves modestly (by factors of approximately 0.9-1.0) with respect to the semi-infinite case when setting the holdfast height to the measured finite values.
We compute the correlation coefficient between the measured holdfast heights and the fitted elastic moduli; for the 16 h data we find a correlation coefficient of ρ h,E = −0.20 and for the 64 hr data ρ h,E = −0.29, indicating a weak negative correlation between sample thickness and elastic modulus. We speculate that the weakness of this negative correlation is due to the fact that the holdfast is very stiff, with E ∼ 10 8 − 10 9 Pa, and therefore the effect of finite sample thickness is not probed at small indentations as strongly it would be for less stiff materials such as typical biological samples, where E ∼ 10 3 − 10 4 Pa. 
Young's modulus as a spring constant
To make connection between the fitted results for the holdfast Young's modulus and effective spring constant, we consider holdfast as an elastic bar comprised of a bundle of ideal springs of length h, compressed by δ along the length dimension. The number of springs in parallel is proportional to the cross-sectional area A * of the bar. Hence, the force applied to each spring is proportional to the total applied force F divided by the cross-sectional area A * . Hooke's law for each spring in the bundle is
where E is Young's modulus. Therefore, k = EA * /h. We take A * to be an effective cross-sectional area of the tip during indentation, A * = απR 
